vantage of transmural diastolic pressure, measuring extracardiac pressure in the intact state generally is impossible, and ventricular performance often has been related simply to intracavitary diastolic pressure, tacitly neglecting forces external to the heart.3 4 Recent work suggests that the constraint pressure exerted by the normal pericardium generally is not negligible and often may nearly equal right ventricular diastolic pressure or right atrial pressure (RAP) in magnitude. '-7 However, open-catheter intrapericardial pressure (IPP) often falls markedly below RAP during pericardial drainage for cardiac tamponade.i One answer to this paradox offered by Smiseth et Table 1 details clinical data on the patients studied, each of whom was male and had a large pericardial effusion on echocardiography and an inspiratory decrease in arterial systolic pressure greater than 10 mm Hg. Right ventricular diastolic collapse was detected on echocardiography as early diastolic invagination of the free wall, often seen at the outflow tract. 12 Similarly, right atrial collapse was detected as invagination of its free wall during late diastole.'3 Two patients each received rapid intravenous infusion of approximately 2 liters of crystalloid and/or colloid before study (patient 3, the subject of a prior report, 14 and patient 8, who developed hypotension complicating low-pressure tamponade,'5 and who also required platelet transfusions for thrombocytopenia before undergoing pericardiocentesis). Three patients had underlying heart disease: patient 2 with severe hypertension and a history of heart failure after myocardial infarction, patient 3 with mild aortic insufficiency, history of non-Q wave myocardial infarction, and a permanent ventricular pacemaker (predominantly normal sinus rhythm throughout this study), and patient 9 with advanced catheterization-documented dilated cardiomyopathy. Patients 3 and 5 were relatively asymptomatic and underwent pericardiocentesis chiefly to diagnose the cause of pericardial effusion. The remaining patients were moderately to severely symptomatic, chiefly from dyspnea.
Hemodynamics. Right heart catheterization was performed in the routine manner with a balloon-tipped thermodilution pulmonary arterial catheter. The pericardial space was cannulated via the subxyphoid approach with a No. 7F end-and six sideholed Cook UCLA Straight Special catheter'6 by means of the Seldinger technique. Two equisensitive transducers allowed simultaneous strip-chart recordings of PWP, RAP, and IPP. In patients 1, 3, 4, 8, and 9 one of these transducers then was used to measure arterial pressure via a radial artery cannula. In patients 2 and 6 an arterial cannula was not placed, and a sphygmomanometer was used to measure systemic arterial pressure. In patients 5, 7, and 10 a third transducer allowed simultaneous Mean PWP, RAP, and IPP were obtained by averaging the phasic strip-chart tracings manually at 0.2 sec intervals over one to two respiratory cycles (20 to 30 data points per average) and were rounded to the nearest millimeter of mercury. The results agreed with digital average readouts within 1 to 2 mm Hg, but this method was used for maximal accuracy. If after complete pericardiocentesis IPP went off the lower scale limit during inspiration, the digital average readout was taken as the mean value. The systolic and diastolic systemic arterial pressures were averaged over 8 to 10 beats, and mean arterial pressure (AP) calculated as 1/3 systolic + 2¾ diastolic. Mean pulmonary arterial pressure (PAP) was derived similarly in some patients. Pulsus paradoxus was measured as the decrease from maximum to minimum systolic arterial pressure during inspiration and was averaged over at least four respiratory cycles. In patients 2 and 6 sphygmomanometry was used to measure pulsus paradoxus as the cuff pressure decrement between first intermittent and consistent Korotkoff sounds audible throughout the respiratory cycle.
Cardiac Respiratory measurements. Instantaneous measurements during the respiratory cycle were taken at end-diastole (i.e., peak of the ECG R wave). This point was chosen because atrial pressure essentially equals ventricular pressure at end-diastole and because ventricular preload conventionally is measured at end-diastole. Since PWP is an indirect measure of left atrial pressure, which is somewhat delayed through the pulmonary vasculature, the PWP delay was estimated from the timing of the A or C wave with respect to the ECG (ranging 80 to 120 msec) and used to measure the phase-corrected PWP at enddiastole. The three instantaneous estimates then were calculated by phase-corrected PWP, IPP, and RAP. An event marker was pushed manually during the patient's chest expansions to identify the inspiratory portions of the pressure recordings, which always corresponded to the descending portion of the PWP tracing. Midexpiratory TMFP estimates therefore were obtained at ECG R waves where PWP was maximal. Since the inspiratory portion of the respiratory cycle was often shorter than the expiratory portion, it was not always possible to find an ECG R wave that was timed exactly with the PWP nadir, but R waves closest to this point were used to obtain the midinspiratory TMFP estimates.
All such instantaneous estimates were averaged over three to four respiratory cycles and rounded to the nearest millimeter of mercury. Note that because three channels rarely were available for simultaneous PWP 
Results
There were no significant complications from the invasive hemodynamic monitoring and pericardiocenteses performed in this study. In the tamponade state, an IPP of 14 ± 3 mm Hg, an RAPof 15 ± 3mmHg,andaPWPofl8 ± 4mmHg were all above normal, but the mean arterial pressure of 88 ± 24 mm Hg and the cardiac index of 2.5 ± 0.8 liters/min/m2 were normal. The difference between PWP and RAP in the tamponade state was highly significant (p < .001). Pulsus paradoxus of 16 ± 6 mm Hg and the heart rate of 120 ± 25 beats/min were both elevated (normal pulsus generally is assumed to be less than 10 mm Hg),22 and the LVSWI of 22 ± 12 g-m/m2 and the RVSWI of 3.6 + 1.7 g-m/m2 were both below normal. (Low normal LVSWI is 30 g-m/m2,23 and assuming a mean PAP of 15 mm Hg, an RAP of 6 mm Hg, and an SVI of 40 ml/beat/m2, low normal RVSWI may be about 5 g-m/m2.) The tamponade SVR was normal at 1400 ± 470 dyne-sec-cm-5, but PVR was somewhat elevated at 180 ± 50 dyne-sec-cm 5.24 In the tamponade state all three TMFP estimates agreed with each other within 1 to 2 mm Hg in individual patients, and each averaged 3 to 4 ± 2 mm Hg overall.
Response to pericardiocentesis. In the intermediate pericardiocentesis state, IPP fell to 6 ± 3 mm Hg, RAP to 10 ± 3 mm Hg, PWP to 12 ± 3 mm Hg, pulsus paradoxus to 7 ± 7 mm Hg, and SVR to 1100 ± 330 dyne-sec-cm-S, whereas cardiac index rose to 3.7 ± 1.0 liters/min/m2, LVSWI to 38 ± 18 g-m/m2, and RVSWI to 6.9 ± 2.1 g-m/m2. All these changes from the tamponade state were statistically significant. 944 Mean arterial pressure remained unchanged at 89 ± 22 mm Hg, however, and the changes in heart rate to 104 ± 20 beats/min and PVR to 170 ± 50 dyne-sec-cm-5
were not significant. The increase of TMFP, from 4 ± 2 to 7 + 2 mm Hg was statistically significant, but the increase in TMFP2 to 5 ± 1 mm Hg and decrease in TMFP3 to 2 ± 2 mm Hg were not.
After complete pericardiocentesis there were further significant decreases in IPP to 1 + 2 mm Hg, in RAP to 8 ± 2 mm Hg, and in PWP to 9 ± 4 mm Hg. However, compared with the intermediate pericardiocentesis state, mean arterial pressure was essentially unchanged at 88 ± 19 mm Hg, as were pulsus paradoxus of 6 ± 3 mm Hg, heart rate of 103 ± 20 beats/min, cardiac index of 3.7 ± 0.9 liters/min/m2, LVSWI of 41 ± 16 g-M/m2, RVSWI of 7.4 ± 1.7 g-m/ mi2, SVR of 1000 ± 330 dyne-sec-cm-5, and PVR of 170 ± 60 dyne-sec-cm-. Compared with the intermediate pericardiocentesis state, the increases in TMFPI to 8 ± 4 mm Hg and in TMFP2 to 6 ± 3 mm Hg and the decrease in TMFP3 to 1 ± 3 mm Hg were not statistically significant. In patients 2, 4, and 7 the RAP remained above 8 mm Hg even after complete pericardiocentesis, perhaps reflecting a component of visceral pericardial constriction.25
Right atrial-intrapericardial pressure relation. In the tamponade state there was relatively close phasic correlation between RAP and IPP throughout the cardiac and respiratory cycles. Figure 1 shows representative simultaneous tracings. Patients 1, 4, 6, and 7 showed the pattern on panel A with near equality during mid to late diastole, but with RAP somewhat greater than IPP during ventricular systole. Patients 3 and 5 showed the pattern on panel B with strikingly exact phasic equality in RAP and IPP (except perhaps during atrial systole when RAP may slightly exceed IPP). Four patients had 1 to 3 mm Hg systematic differences between RAP and IPP as illustrated in panel C (patients 8 and 10 with RAP > IPP; 2 and 9 with RAP < IPP), perhaps reflecting errors in zeroing or calibration.
With data from the tamponade state, end-diastolic RAP was related to end-diastolic IPP, as illustrated in figure 2, yielding the regression equation RAP = 0.71 IPP + 5.1 (r = .88). In addition, mean RAP was related to mean IPP yielding RAP = 0.98 IPP + 1. 1 (r = .96). Thus, although the difference in group means between RAP (15 ± 3 mm Hg) and IPP (14 ± 3 mm Hg) was significant (p < .05), mean RAP was nearly identical to mean IPP except for a systematic offset of about 1 mm Hg. Finally, mean instantaneous PWP -RAP was related to PWP -IPP at midexpiration and midinspiration, yielding PWP -RAP = 0.93 (PWP Respiratory efects. Figure 4 shows simultaneous In the complete pericardiocentesis state, TMFP1 could be evaluated in only four patients (IPP went off scale in the others). Nevertheless, the change from 8.6 ± 3.5 mm Hg at midexpiration to 4.0 ± 4.0 mm Hg at midinspiration was significant (p < .01). TMFP3, on the other hand, could be evaluated in all patients in the complete pericardiocentesis state, and became notably negative during inspiration in six of the 10 patients. On the average, TMFP3 fell from 3.7 ± 3.2 mm Hg at The afterload variable evaluated in patients 5, 7, and 10 showed no significant change from midexpiration to midinspiration in the tamponade or pericardiocentesis states. However, the increase from 77 ± 23 mm Hg in tamponade to 86 ± 21 mm Hg after complete pericardiocentesis at midexpiration was significant (p < .01), with a similar significant increase in midinspiratory values.
Finally, the inspiratory decrease (Ex -In) in IPP averaged 3.4 ± 2.0 mm Hg in the tamponade state and did not change significantly with pericardiocentesis. In patient 5 the inspiratory decrease in esophageal pressure was about 5 mm Hg (see figure 4 ). Since this patient was relatively asymptomatic, it may be presumed that the average inspiratory decrease in esophageal pressure was greater than or equal to 5 mm Hg for the entire group. Transpericardial pressure may be defined as IPP -ITP, where ITP is intrathoracic pressure. Since changes in esophageal pressure reflect changes in ITP,27 this suggests an expiratory-inspiratory change in IPP -ITP of at least 3.4 -5 = -1.6 mm Hg, i.e., an inspiratory increase of several millimeters of mercury in transpericardial pressure.
Stroke work-transmural filling pressure relations. As shown in figure 6 , A, the best correlate of LVSWI encompassing tamponade and pericardiocentesis data was TMFP1 (r = .59). Most patients showed a positively monotonic increase in LVSWI with PWP -IPP after intermediate and complete pericardiocentesis. However, there was an unexpected decrease in PWP -IPP from intermediate to complete pericardiocentesis in patients 4 and 6. The correlation between LVSWI and TMFP2 was nearly as good (r = .52, see panel B), with similar overall features. In contrast, there was no significant overall correlation between LVSWI and TMFP3 (see panel C A consistent finding in tamponade is the nearly exact equality of IPP and RAP throughout the cardiac and respiratory cycles (see figure 1).8,15 Although the regression relation between IPP and RAP at end-diastole was not exact identity, there was considerable overlap with the identity line within the scatter of the data (see figure 2) . The relation between mean IPP and mean RAP was more nearly identity (see The critical buckling pressure for a thin-walled cylinder (which may be an appropriate geometry for portions of the right ventricular free wall) is:
where E is Young's modulus, v is Poisson's ratio, and h is the thickness and R the radius of the cylindrical shell. 35 The current study demonstrates that cardiac tamponade often may be diagnosed with a mean TMFP significantly above zero but that this gradient typically falls to zero or slightly below during inspiration, correlating with pulsus paradoxus (see figure 4 ). An inspiratory movement of the intraventricular septum toward the free wall also is observed frequently in tamponade.36 Since diastolic septal position has been shown to depend on the transseptal gradient,37 the respiratory variation in PWP -RAP shown here would provide the hemodynamic basis of this echocardiographic finding.
Other reports have accepted diastolic equalization within several millimeters of mercury as compatible with tamponade,8 29'38 so the current findings do not necessarly add to the diagnosis of this disorder. As an independent criterion, in fact, diastolic equalization of PWP and RAP within 4 mm Hg is not that helpful because these pressures often normally agree within this range. Tamponade therefore remains a clinical diagnosis typically featuring dyspnea, jugular venous distension, and pulsus paradoxus in the presence of an abnormal pericardial effusion. The hemodynamic criteria of IPP -RAP and improved cardiac performance after pericardial drainage probably are predicted by right atrial or right ventricular diastolic collapse,39 although false negatives may occur in the presence of right heart or pulmonary disease. 30 The inspiratory tracking pattern was observed in the presence or absence of dyspnea and underlying cardiac disease. Thus the currently reported patients are not special cases but may exemplify a common intermediate tamponade state between severely compromised cases in which an average TMFP of zero would be expected and the rare case of "right heart tamponade" in which TMFP is consistently above zero.8 Since cardiac output is well maintained in this intermediate tamponade state, dyspnea rather than fatigue or hypotension is the cardinal symptom. Interestingly, since PWP is not always very elevated and since dyspnea has been described in low-pressure tamponade,'5 the mechanism of this symptom may not be simply pulmonary venous congestion. Since right heart tamponade has been described in only four patients,8 this subset deserves further study. Specifically, the presence or absence of right atrial and right ventricular diastolic collapse would be pertinent to the proper inclusion of this subset in the tamponade spectrum. 4' Mechanisms of pulsus paradoxus. Although the transmission of negative intrathoracic pressure to the aorta may cause a decrease in arterial pressure measured with reference to atmospheric pressure, an inspiratory decrease in arterial pulse pressure implies a decrease in left ventricular stroke volume.42 This has been attributed to a decrease in left ventricular preload43'" or an increase in afterload. 45 The inspiratory decrease in PWP -IPP reported here strongly supports preload reduction as an important mechanism of pulsus paradoxus in cardiac tamponade. If left heart filling decreases while right heart output is maintained, pooling in the pulmonary circuit necessarily occurs but attributing this effect chiefly to lung mechanics or right-left competition is difficult. As demonstrated by Shabetai et al.," the reduction of pulsus paradoxus by holding systemic venous return constant and the sudden decrease in aortic pressure 1 beat after an increment in right heart filling provide experimental evidence for right-left diastolic competition in tamponade.
As discussed above, the current tamponade data imply an increase in transpericardial pressure with inspiration. Since recent literature suggests a negligible effect by diaphragmatic traction on pericardial capacity,'6 47 this implies an increase in total pericardial volume with inspiration in the tamponade state. This suggests that in tamponade the inspiratory increment in right heart filling is greater than the inspiratory decrement in left heart filling. This would not fit with purely passive underfilling of the left ventricle and suggests sufficient right heart filling to compete with that of the left heart. However, this is highly inferential. In addi- IPP (see table 4 ). Since rightleft diastolic interaction may be much less important in the absence of pericardial limitation,48 this suggests that some preload reduction may occur independent of a competitive effect.
Since the right and left hearts are connected in series, an inspiratory increase in right heart filling and output reaches the left heart within several beats.
Guntheroth et al.',4 in fact, suggested that pulsus paradoxus is caused by nadirs in left ventricular filling between these inspiratory series increments rather than by direct inspiratory effects on preload. However, Katz and Gauchat5O appreciated the very close timing between inspiration and subsequent fall in aortic pressure, and Ruskin et al. 5 ' later demonstrated an immediate effect by instructing tamponade patients temporarily to stop and then restart breathing. Figure 7 shows the results of a similar maneuver in patient 7. During held expiration cardiac pressures were stable and PWP was significantly above IPP. Just with the onset of inspiration, PWP merged with IPP, and the immediately following arterial waveform showed a decrease in systolic and pulse pressure. This emphasizes the very direct effect of inspiration on left ventricular filling and performance. However, the increase in PWP -IPP several beats later presumably reflects the series effect of increased right heart output reaching the left heart. Once the respiratory cycle is reestablished, series and direct effects intermix, but tracking of PWP and IPP consistently occurs with each inspiration.
A decrease in intrathoracic pressure has been hypothesized to constitute an increased afterload for left ventricular ejection. 45 The curve relating transmural diastolic pressure to ventricular diastolic volume may be relatively flat in the vicinity of zero pressure, with a nearly exponential rise in pressure above this range and negative pressures at the volumes below the equilibrium range. 31 35 Careful measurements have shown nearly exact equality of left ventricular, right ventricular, and intrapericardial pressures throughout diastole in certain cases of tamponade, confirming that a range of ventricular volumes from early to late diastole may occur at nearly zero transmural diastolic pressure. The flat portion of the transmural diastolic pressure-volume curve may explain the asymptotic hemodynamic behavior around zero TMFP observed in the current study. Other workers have described deep negative inspiratory swings in figure 3 ).34 44 Furthermore, encompassing tamponade and pericardiocentesis data, PWP -IPP increased significantly with pericardial drainage and correlated with LVSWI, whereas PWP -RAP did not (see tables 2 and 3 and figure 6 ). Overall, then, true pericardial pressure apparently may fall substantially below RAP during pericardiocentesis. To reconcile these findings with the concept that normal pericardial pressure nearly may equal RAP,', 7 it is necessary to hypothesize an increase in pericardial capacity above normal so that pericardiocentesis produces a state analogous to removal of normal pericardial constraint. However, in acute cardiac tamponade in which pericardial capacity has not increased yet, true pericardial pressure may continue to nearly equal RAP during the course of pericardial drainage. 10 In short-term observations with the normal pericardium intact, the near equality of RAP and pericardial pressure (PP) over a range of pressure and volume states has been attributed to a highly compliant right ventricle.' An alternative explanation for the RAP PP relation is that the normal pericardium generally limits deformation of the right ventricular free wall to its equilibrium range and that changes in right ventricular volume occur chiefly as a result of septal shift rather than free wall distension.6' Since right ventricular diastolic collapse may imply operation below the equilibrium volume as discussed above, and since this is an early finding in tamponade, 12 30it seems plausible that the right ventricular free wall normally may operate near its equilibrium configuration. On the other hand, once pericardial constraint is removed, substantial transmural diastolic pressures across the right ventricular free wall may result.7 Figure 8 compares the group left and right ventricular function curves from the current patients with those obtained in 10 patients studied intraoperatively, before and after opening the normal pericardium. As described elsewhere (as group I), the intraoperative group consisted chiefly of coronary patients with angi- O 
